Abstract: A decision model was constructed to compare genetic testing and not testing, for the transfer of all suitable embryos, one at a time, from a cycle with up to ten embryos, until a first live birth was achieved or there were no more embryos available (a full cycle). Two strategies were investigated: (i) a fresh transfer with subsequent serial warmed cryopreserved embryo replacement, and (ii) freeze-all prior to serial embryo replacement. Sensitivity analyses were performed to assess the effect of embryo warming survival and diagnostic accuracy on cumulative rates. Cost-effectiveness was assessed using the incremental cost-effectiveness ratio for a live birth event, and a clinical miscarriage avoided. Reproductive outcome probabilities were obtained from published prospective non-selection studies, and costs from websites and publications.
Introduction
Ovarian stimulation and in vitro fertilisation of oocytes with spermatozoa is widely used to treat couples with infertility or genetic disorders in order to assist with the conception of a child. Embryo selection techniques offer the potential to optimise the efficiency of the process. Embryo selection using genetic testing has primarily been used to detect chromosome aneuploidy (Preimplantation Genetic Screening, PGS), which is a common known cause of embryo failure [1, 2] . Promising techniques continue to emerge which can detect aneuploidy for every chromosome, and potentially evaluate the viability of embryos with a normal chromosome complement [3] [4] [5] [6] . Genetic testing offers the potential to transfer one embryo at a time in the fewest possible number of transfer procedures to optimise a woman's chance of achieving a healthy singleton live birth event, substantially reducing the risk of clinical complication associated with multiple pregnancy, and miscarriage due to chromosome aneuploidy.
There have been many advances in the technology used for genetic testing and assisted conception, and in particular reliable blastocyst culture and effective cryopreservation enable the sampling of multiple cells from an embryo with sufficient time to perform advanced genetic tests. Advances in cryopreservation techniques mean that it has now become possible to carry out serial transfer of all available embryos one at a time without genetic testing; this has the advantage of avoiding false abnormal results from genetic testing and therefore optimising the potential for of a live birth from a stimulated cycle [7] . In addition, there is evidence accumulating that the perinatal outcome of IVF babies may be improved following cryopreservation of all embryos prior to transfer in cycles optimised for implantation rather than ovarian stimulation [8] [9] [10] . However, the disadvantage of serial single embryo transfer without genetic testing is that it may take longer to achieve success and with a substantial risk of miscarriage for the woman.
Much has been published concerning the advantages and disadvantages of sampling embryos at different stages, the different genetic testing techniques, which patient groups might benefit from testing embryos, which outcome measures are the most appropriate and what constitutes a well-designed clinical trial, and the current status of the clinical evidence available [11] [12] [13] [14] [15] [16] [17] [18] . Whilst it is recognised that much of the published data does not meet the highest level of medical evidence, many eminent scientists and clinicians in the field have expressed the opinion in a recent statement that PGS should no longer be considered an experimental procedure and should be discussed with all patients considering assisted conception [19] .
One specific limitation of the published randomised controlled trials was that they did not include the outcome of cryopreserved embryos, which could contribute to the cumulative pregnancy rate [16] , and the absence of cost-effectiveness studies has also been highlighted [18] . The aim of the theoretical study presented here is to explore the cost-effectiveness of genetic testing, and its potential to improve a woman's chance of success for a full cycle of in vitro fertilisation.
Materials and Methods

Study model
A decision model was constructed for the transfer of all suitable embryos (blastocysts say), one at a time, from a stimulated cycle where up to ten transferable embryos were available, until a first live birth was achieved or there were no more embryos (a full cycle). Two transfer strategies were investigated: (i) freeze-all prior to warmed serial replacement, and (ii) one fresh transfer with subsequent serial warmed embryo replacement (Figure 1) . A flexible Microsoft Excel version of the model is available as supplementary material, which includes a worked example of the solution for three embryos.
Baseline probabilities and populations
Baseline reproductive outcome and diagnostic accuracy data (Table 1 , Supplementary Appendix 1) were obtained from two published prospective non-selection studies, where embryo transfer occurred without using the results from the genetic test for women undergoing IVF with an average age of 34 years (range 28 to 42 years). Two genetic tests were envisaged: (a) an aneuploidy test (AT) for every chromosome [20] , and (b) a viability test (VT) for embryos with a normal chromosome complement detected following an aneuploidy test [5] . A 94% warming survival rate following blastocyst biopsy was assumed from a published study [21] and the rate was varied in a sensitivity analysis. The primary outcome measure was the live birth rate per full cycle, secondary measures were the live birth rate following a first transfer attempt, the total number of transfer attempts, and the clinical miscarriage rate per full cycle.
A final analysis, specifically for good prognosis patients (maternal age less than 35 years, normal karyotype, no prior miscarriages), was done using data obtained from a published prospective randomised control trial [22] . The primary reproductive outcome was ongoing clinical pregnancy (Table 1 ). Footnote: The number of embryos available for transfer and cryopreservation is affected by the diagnostic accuracy of the test. The number of embryo transfer attempts is affected by the warming survival rate. The number of miscarriages and live births where a transfer occurs is determined by the outcome rates (see Table 1 ). 
Costs
Baseline costs were obtained from websites and publications and adjusted to 2015 UK pounds sterling where necessary (Table 2) . It was assumed:
 Genetic testing required eggs to be fertilised using ICSI in order to minimise the risk of DNA contamination from supernumerary sperm associated with IVF; however, the analysis also accommodates testing technologies that do not require ICSI.
 A pregnancy following genetic testing of embryos did not have prenatal diagnosis.  The proportion of pregnancies resulting from embryos without genetic testing that had prenatal diagnosis was estimated to be 5%, based on screening using the integrated test for women aged 35 to 39 years [23] .
 All clinical miscarriages involved a dilation and curettage procedure.  Costs associated with managing a multiple pregnancy, preterm and neonatal complications would not have a material effect on the incremental cost-effectiveness ratio because only one embryo was transferred at a time with and without testing.
The calculation of the total cost for a full cycle for any given number of embryos was based on: [24] 2975 2950 to 3000 PCR mtDNA viability screening [26] 200 -Intracytoplasmic sperm injection (ICSI) [25] 1000 -Dilation and curettage (D&C) [24] 2143 1046 to 2988 CVS/QF-PCR or amniocentesis/full karyotyping [27] 500 -Loss of maternal productivity due to clinical miscarriage (2 days) [28] § § §
-
Loss of maternal productivity due to prenatal diagnosis (0.5 day) [28] § § § 62 - § Assumed to exclude the cost for medication, and to include medical and nurse appointments, scans, egg collection, blastocyst culture, embryo transfer, and a pregnancy scan or a follow up consultation with the doctor. § § Assumed to exclude the cost for medication, and to include consultations, scans and follow-up. § § § UK median full-time gross annual earnings and assuming 220 working days per year.
Cost was assessed from the perspective of society using the incremental cost-effectiveness ratio (ICER), the difference in cost for one additional live birth event or one clinical miscarriage avoided.
The National Institute for Health and Care Excellence (NICE) guideline of £20,000 to £30,000 was used as the cost-effectiveness threshold for live births [29] . A position value of ten times the cost of a dilation and curettage (D&C) procedure was used for clinical miscarriage. Assisted conception and genetic testing baseline costs were varied in univariate sensitivity analyses, and the precision of the ICER was assessed using Monte Carlo simulation.
Statistical analysis
Odds and risk ratios were calculated to compare reproductive outcomes [30] ; the 95% confidence interval was used to indicate precision, and p-values of less than 0.05 were considered to be statistically significant. Monte Carlo simulations for the ICER used 10,000 iterations and assumed that the differences in outcome and cost were normally distributed; calculations were made using Microsoft Excel function NORM.INV(RAND(),difference,standard_deviation).
Ethical approval
It was not necessary to obtain ethical approval or patient consent for this theoretical study.
Results
Transfer strategy (i) freeze-all prior to warmed serial transfer
In the first instance it was assumed that every embryo was potentially available for transfer (100% warming survival) and that none was excluded incorrectly due to the genetic test (100% PPV for AT or AT + VT). Per 100,000 couples the live birth rate per full cycle was 25.4% where one embryo was available and 94.7% for ten embryos, and was the same with or without testing; however, this was achieved with fewer transfer attempts overall following testing (Table 3 , scenario A).
AT, two embryos: 103,086 vs 174,569 (difference −40.9%, 95% CI −40.7% to −41.2%) AT, ten embryos: 219,861 vs 372,317 (difference −40.9%, 95% CI −40.8% to −41.1%) AT + VT, two embryos: 69,225 (difference −60.3%, 95% CI −60.1% to −60.6%) AT + VT, ten embryos: 147,642 (difference −60.3%, 95% CI −60.2% to −60.5%)
In sensitivity analyses, reducing the warming survival rate decreased the live birth rate per full cycle to the same degree with or without testing ( Table 3 , scenario B); however, reducing the positive predictive value of the test favoured not testing (Table 3 , scenarios C). Testing was effective to avoid clinical miscarriage (Table 3 , all scenarios).
For a live birth event following the first attempt (when two or more embryos were available), genetic testing was more effective than not testing (Table 3 , all scenarios).
(a) Aneuploidy testing alone ( Continued on next page. 
Transfer strategy (ii) fresh plus warmed serial embryo transfer
In the first instance it was assumed that every embryo was potentially available for transfer (100% warming survival) and that none was excluded incorrectly due to the genetic test (100% PPV); the live birth rate per full cycle, with and without testing, was the same as for the freeze-all strategy (Table 3 , scenario A). However, in a sensitivity analysis, testing was favoured when the embryo warming survival rate was reduced and more than one transferable embryo was available. Figure 2A shows the effect when warming survival was 94% and the positive predictive value was 100% for aneuploidy testing (AT) and aneuploidy plus viability testing (AT + VT). The greater effect was for AT + VT; per 100,000 couples, testing was effective for live birth when more than one embryo was available and with fewer transfer attempts (Supplementary Appendix 2, Table S2a Testing was less effective than not testing when the positive predictive value for AT was reduced to the 96% estimated from the study of Scott and colleagues [20] ( Figure 2B) ; however, genetic testing was favoured for a first attempt, when two or more embryos were available ( Figure 3A) , and was effective for a full cycle to avoid clinical miscarriage ( Figure 3B ). The results for the analysis based on the clinical trial of Yang and colleagues are shown in Table 4 [22] . The positive predictive value of the aneuploidy test was estimated to be 92% and was assumed to be 100% for the viability test (Table 1) . For a fresh plus frozen transfer strategy with 94% embryo warming survival, genetic testing was less effective for ongoing clinical pregnancy over a full cycle. For aneuploidy testing alone, the CLBR was 38.0% vs 41.7% (difference −8.7%, 95% CI −8.4% to −9.0%) for one embryo, 98.94% vs 99.33% (difference −0.39%, 95% CI −0.36% to −0.43%) for ten embryos. Table 5 shows a summary of the analyses for the population where the maternal age range was 18 to 42 years, the data are provided as supplementary appendix 2. There were four scenarios where the number of live birth events was greater with testing (scenarios 1, 3, 5 and 7; fresh plus warmed embryo transfer and 100% PPV). The live birth ICER was less than £30,000 only for scenario 1 (ICSI with no testing vs ICSI with AT + VT [Supplementary Table S2b ], or IVF with no testing vs IVF with AT + VT [Supplementary Table S2c] ) and when nine (ICER = £25,790) or ten transferable embryos (ICER = £15,588) were available. A Monte Carlo simulation for nine embryos indicated that testing was more effective for live birth in 100% of trials; the ICER range was £22,365 to £30,572, and less than £30,000 in 99.94% of trials (Table 6 ).
Cost-effectiveness from the society perspective
The cost of aneuploidy testing was reduced by 50% for the effective scenarios (Table 6) . For scenarios 1, 3 and 5, reducing the cost of the genetic test reduced the number of embryos required for the cost of an additional live birth to be less than £30k, and the cost for a miscarriage prevented to be less than £23.9k (ten times the dilation and curettage cost). The test cost reduction was not sufficient to bring scenario 7 within the range of the study. The fewest number of embryos required was for scenario 1 (three embryos), where ICSI was required for treatment (or the genetic test does not require ICSI and IVF can be used for both groups).
Genetic testing was likely to be less effective than not testing for an ongoing clinical pregnancy for younger women (less than 35 years) with a good prognosis. There were likely to be fewer miscarriages following testing; however, using the base costs, the cost for each miscarriage avoided might be considered to be expensive (Supplementary Table S6b): (a) Aneuploidy testing alone: the ICER ranged between £91,184 (38x D&C) for one embryo and £20,896 (9x D&C) for ten embryos (b) Aneuploidy plus viability testing: the ICER ranged between £73,499 (31x D&C) for one embryo and £13,508 (6x D&C) for ten embryos. 
Discussion
Genetic testing was envisaged to encompass the latest and emerging techniques for chromosome copy number enumeration and for assessing the reproductive competence of embryos with a normal chromosome complement. Microarray techniques are widely used to test preimplantation embryos for chromosome aneuploidy, which is usually not compatible with life, but a substantial proportion of embryos with a normal test result fail to make a baby [20] . Different promising techniques designed to look for genetic markers of embryo viability (VT) are emerging, which may improve the ability of a test to select the best embryo for transfer [3, 5] . This study assessed the likely potential of only testing for chromosome aneuploidy (AT) using the best possible technique, and also imagined the hypothetical possibility of a test which could select viable embryos (AT + VT) without excluding any due to an incorrect test result.
When only one embryo is available, testing cannot be more effective for live birth because there is no potential for selection, whether or not the embryo is cryopreserved before transfer. When more than one embryo is available, the analysis presented here supports the argument that using a freeze-all strategy no embryo selection technique can improve on the serial transfer of every warmed embryo from a stimulation to achieve a live birth, and demonstrates that caution should be exercised when drawing a conclusion about the effectiveness of PGS if a trial does not include the outcome of cryopreserved embryos [16] . However, substantially fewer transfer attempts following testing are likely to be needed, with the potential to minimise the treatment time.
A fresh plus warmed transfer strategy has the potential to be more effective for live birth when more than one embryo is available because selection increases the probability that a viable embryo is replaced in the fresh transfer and evades the attrition associated with embryo warming following cryopreservation. The study presented here indicates that in the context of a full cycle with efficient cryopreservation, the increase in the live birth rate using genetic testing is likely to be marginal, and was estimated to be up to 2.1% assuming 94% warming survival and a test with no false abnormal results; however, this was negated when the predictive value of an abnormal test result for the aneuploidy test is 96% rather than 100%. A limitation of the model is that it assumes that every embryo suitable for transfer within each group has the same potential to achieve a live birth, and is the same for fresh or warmed replacement.
The model explored the effect on outcome and the incremental cost-effectiveness ratio of different numbers of embryos available for transfer. Using base costs, none of the scenarios for aneuploidy testing alone had an ICER <£30k for live birth, and only one scenario testing for aneuploidy plus viability (100% PPV, fresh plus frozen transfer, both groups using ICSI or both groups using IVF if ICSI is not required for the test), when nine or ten embryos were available for transfer. The costs associated with genetic testing and ICSI (which might only be required to facilitate genetic testing) had a material effect on the ICER for live birth and clinical miscarriage. Testing is more likely to be cost-effective if ICSI is necessary anyway (or not a requirement for genetic testing), and if a substantial reduction in the cost of the genetic test is possible. However, caution is advised since it is yet to be demonstrated that genetic testing of embryos can improve the chance of a live birth for a full cycle or eliminate the risk of miscarriage.
Serial single embryo transfer following testing is likely to be more effective for clinical miscarriage, but the analysis presented here indicates that it is likely to be expensive and it is debatable whether society would consider this to be cost-effective. The author is aware of one published study to date, which compared PGS for every chromosome with expectant management in patients with recurrent pregnancy loss, and concluded that PGS was not a cost-effective strategy for increasing live birth, and a very costly way to reduce miscarriage [31] .
Outcome measures which incorporate fresh as well as warmed cryopreserved embryo transfer (cumulative rate) rather than success rates based on only fresh transfer is recognised to be more appropriate for decision making regarding the efficacy of treatment and cost [32] . The study presented here is analogous to that recommended for short term reporting (outcome episodes per woman for one egg collection in a two year period) [32] , with the exception that only women with embryos are included since genetic testing cannot occur otherwise.
The analysis of the Yang and colleagues trial [22] for young women with good prognosis shows that we should expect that testing will be highly effective for an ongoing clinical pregnancy following a first attempt, with fewer attempts required overall (and potential for less time in treatment). However, had the study included serial transfer of available warmed cryopreserved embryos in a full cycle, it is likely that testing embryos for aneuploidy would have been less effective for ongoing clinical pregnancy with the 92% test PPV estimated for the study. The predictive value of an aneuploid test result is sensitive to the prevalence of aneuploidy and therefore the PPV may be expected to be less for younger women [33, 34] . A less than 1% difference in the cumulative ongoing pregnancy rate when larger numbers of embryos are available for younger women might be considered to be marginal, but the incremental cost for each miscarriage avoided may be considered to be expensive at greater than nine times the cost of dilation and curettage.
The current study was limited to one full cycle of in vitro fertilisation and assumed that every suitable embryo available was transferred until a first live birth event was achieved (there was no intra-cycle dropout and treatment was completed). A woman may require more than one stimulation cycle to achieve a live birth event and it is expected that some women will dropout within and between cycles [35] . Important reasons for prematurely continuing treatment appear to include not becoming pregnant and cost, and some women chose not to continue following a miscarriage [36] . Further work is required to analyse the effect of PGS on pregnancy outcome and cost-effectiveness where women have the opportunity to have more than one stimulated cycle.
Conclusion
PGS should be expected to be more effective for live birth following a first transfer attempt and to require fewer transfer attempts overall. However, using a freeze-all transfer strategy, genetic testing is unlikely improve a couple's chance of a live birth event taking into account every embryo available for transfer from a stimulation. Compared to not testing, it is possible for PGS to be more effective using a fresh plus frozen transfer strategy when more than one embryo is available, but the increase in the chance of a live birth for a full cycle is likely to be marginal and to be negated when the positive predictive value of the test is suboptimum. PGS is more likely to be cost-effective for live birth when ICSI is required anyway, and if the testing can be made substantially less expensive. PGS is expected to be effective for clinical miscarriage for both strategies, but the cost of a miscarriage avoided may be perceived by society to be expensive. There is a need for clinical trials using outcome measures which incorporate fresh as well as warmed cryopreserved embryo transfer (cumulative rate) for decision making regarding the efficacy of treatment and cost, and to help better inform individual patients considering assisted conception.
